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Abstract

We propose and demonstrate a novel approach to measure the size and refractive index of microparticles based on two beam optical trapping,
where forward scattered light is detected to give information about the particle. The counter-propagating optical trap measurement (COTM)
s terization.
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ystem exploits the capability of optical traps to measure pico-Newton forces for microparticles’ refractive index and size charac
ifferent from the current best technique for microparticles’ refractive index measurement, refractometry, a bulk technique requiring

he fluid composition of the sample, our optical trap technique works with any transparent fluid and enables single particle analys
he use of biological markers. A ray-optics model is used to explore the physical operation of the COTM system, predict system pe
nd aid system design. Experiments demonstrate the accuracy of refractive index measurement of�n = 0.013 and size measurement of 3%
iameter with 2% standard deviation. Present performance is instrumentation limited, and a potential improvement by more than
f magnitude can be expected in the future. With further development in parallelism and miniaturization, the system offers adva
ell manipulation and bioanalysis compatible with lab-on-a-chip systems.
2005 Elsevier B.V. All rights reserved.
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. Introduction

As a non-invasive scientific tool capable of manipulat-
ng biological cells (Ashkin et al., 1987; Buican et al., 1987),
acteria (Ashkin and Dziedzic, 1987), organelles within cells
Ashkin et al., 1987; Ashkin and Dziedzic, 1989) and even
iruses (Ashkin and Dziedzic, 1987), optical traps have not
nly been used to measure the smallest forces to date in bio-

ogical realm (e.g. those of motor proteins) (Svoboda et al.,
994), but also been employed in the sorting of biological
ells (Buican et al., 1987).

This work expands the capabilities of optical traps be-
ond manipulation and force measurement to refractive in-
ex and size characterization of the particle held in the

∗ Corresponding author. Tel.: +1 858 822 4158; fax: +1 858 534 1225.
E-mail address: bshao@soliton.ucsd.edu (B. Shao).

trap, which enables analysis without using biological m
ers that may interfere with the biological function be
studied. The aim is to create a useful tool for cell ma
ulation and bioanalysis compatible with the emerging
on-a-chip systems, in which a series of complex chemic
biological analysis steps can be carried out rapidly an
fectively in a tiny, portable environment (Unger et al., 2000;
Thorsen et al., 2002; Adams et al., 2002; Groisman e
2003).

In our counter-propagating optical trap measurem
(COTM) system (Fig. 1), optical forces align a trapped pa
cle to a particular position within the beam based on its re
tive index and size, and the forward scattered light dete
by the photodetector yields information about the part
This aspect of the technique is similar with the forward s
tered light measurement in flow cytometry (Shapiro, 2003),
in which cells are driven past a laser beam by a fluid flow,
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Fig. 1. Simple diagram of the COTM system. A photodetector captures the
forward scattered light from the laser trap for measurement.P1, power of
laser beam 1;P2, power of laser beam 2;ω1, beam waist of laser beam 1;
ω2, beam waist of laser beam 2.

the forward scattered light, side scattered light and fluores-
cence are used to identify the cell or the presence of partic-
ular biomolecules within the cells. While in flow cytometry
attempts are made to minimize the influence of refractive
index on measurements (Shapiro, 2003) and focus merely
on size, our approach focuses on both refractive index and
size.

In this article, we present the theory of refractive in-
dex and size measurement using the COTM system to-
gether with numerical simulations of the axial force, the
particle equilibrium position and the detected scattered
light intensity signal (power) dependencies on the parti-
cle size and refractive index. Theoretical results are com-
pared with measurements of refractive index and size of
trapped dielectric microspheres using the COTM system.
A remarkable agreement between the ray-optics simula-
tions and the experimental results proves the ability of
COTM system in accurately estimating the refractive in-
dex and size of a trapped particle from the detected scat-
tered light power (intensity of forward scattered radiation).
Noise analysis predicts that an improvement on measure-
ment accuracy by more than two orders of magnitude is
possible. The unique features of COTM system, such as
the low requirements on numerical aperture, laser power,
and working distance, endow it potential on future paral-
lelism and miniaturization, which makes it a powerful and
c lular
d

2. Materials and methods

2.1. Theory and simulations

As the first stable optical trap demonstrated (Ashkin,
1970), two-beam optical trap holds a primary advantage over
single-beam trap in that it can operate over a larger work-
ing distance (millimeter or more) since only weakly focused
beams are required. In a counter-propagating two-beam trap,
two focused laser beams propagate in opposite directions
to create a 3D optical trap through a combination of axial
and transverse forces. The operation basis of the counter-
propagating optical trap measurement system presented here
is to extract information about the trapped particle from the
forward scattered light (Fig. 1).

According to the size of the particle to be trapped relative
to the wavelength of the laser, physical models of optical traps
break down into Rayleigh regime, intermediate regime and
Mie regime. Based on the fact that biological cells size from
1�m to 100�m, this paper primarily deals with particles
in between the Mie scattering regime and the intermediate
regime.

In Mie regime, the wave nature of light such as interfer-
ence and diffraction can be safely ignored (Saleh and Teich,
1991). Light is treated as traveling in straight lines, changing
direction only at the interface between two materials, and op-
t ntum
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ompatible research tool in lab-on-a-chip integrated cel
iagnosis.

ig. 2. Ray-optics model and its validity. (A) Force components of a sin
o angle of incoming ray.Po, power of an incident ray;R, Fresnel coeffi
omparison. Fitting the peaks shows good match to the right of the se
ical forces (axial and transverse) arise from the mome
hange of a photon upon reflection and refraction at a m
ial boundary. The axial force due to reflection always pu
he particle forward, while the axial force due to refrac
lways pulls the particle toward the focus. When two we

ocused beams travel in opposite directions, a stable eq
ium position exists where the axial forces of the two be
ancel out.

In ray-optics modeling of the COTM system (Fig. 2A),
he laser beam is broken down into a series of rays,
arries a portion of the power in a particular direction
s traced through the particle through infinite reflections
efractions at the particle/medium interface. Adding up

on a microsphere. Gradient,Fg, and scatter,Fs, component directions are relat
f reflection;T, Fresnel coefficient of transmission. (B) GLMT to ray-op
ry peak.
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forces from each ray yields the total optical force executed
on the particle.

To testify the validity of applying ray-optics in our sys-
tem, where the particle size is not always much larger than
the wavelength, the ray-optics model is compared to the in-
termediate regime model, Generalized Lorenz–Mie Theory
(GLMT) (Ren et al., 1996). Since the COTM system op-
erates only to the right of the secondary force peak, and
the equilibrium position of the particle is determined by the
shape instead of the magnitude of axial force, all compar-
ison focus on the shape differences between GLMT and
ray-optics in this region. Accordingly, the two models’ es-
timations of the axial force on a 5�m diameter particle
(larger particles should yield better match due to the in-
creased validity of ray-optics model) inFig. 2B prove the ray-
optics model as a reasonable approximation for the COTM
system.

GLMT simulations inFig. 2B also show that small lat-
eral offset of the particle does not alter the axial force curve
in the interested region, which alleviates the concern that
small lateral offset caused by gravity might affect the ac-
curacy in assuming “on-axis trapping” for the ray-optics
model.

In the COTM system (Fig. 1), a photodetector detects the
forward scattered light power from the two-beam trap to pro-
vide information about the trapped particle. A ray-based sim-
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whereφ is the angle between the ray and the axis (direction
of the laser beam).

With parameters used in the experiment, Gaussian beam
divergence half angle in air,φdiv = 10.95◦, total beam power,
Pbeam= 9.6 mW, microsphere diameter,D = 5�m, and mi-
crosphere refractive index (polystyrene),n2 = 1.59, the axial
force exerted by a Gaussian beam is shown as the gray curve
in Fig. 2B.

To estimate the detected optical power, any ray leaving the
sphere and passing through the aperture (microscope objec-
tive in the COTM system) is assumed to reach the detector.
Since the majority of power in the forward direction isPoT2

(Fig. 2A), only this component is detected. The remainder
is approximated as isotropically scattered in all directions,
with a negligible amount scattered in the forward direction
through the aperture.

The detected power is influenced by two factors: (1) the
equilibrium position of the microsphere determined by the
dependence of axial force on axial position and (2) the de-
pendence of equilibrium position on the power ratio between
two beams. These are combined to plot detected power ver-
sus power ratio, the curve to be measured by the COTM
system.

During the operation, a stable equilibrium position is cre-
ated between the two beam foci. Small displacement to either
side results in a force restoring the sphere back. Controlled
b
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lation is used to describe forces on the particle, find its e
ibrium position, and establish the dependency of the dete
ower on the refractive index and size of the particle and
ower of beam 2.

According to the ray-optics model (Fig. 2A), the scatterin
nd gradient force exerted by a single ray on a sphere (Saleh
nd Teich, 1991)

s = n1P

c

{
1 + R cos 2θi − T 2 [cos(2θi − 2θr) + R cos 2θi ]

1 + R2 + 2R cos 2θr

}

(1)

g = n1P

c

{
R sin 2θi − T 2 [sin(2θi − 2θr) + R sin 2θi ]

1 + R2 + 2R cos 2θr

}

(2)

esults from infinite number of internal reflections and
ractions (Ashkin, 1992). Variables here aren1, refrac-
ive index of surrounding medium,θi , angle of incidence
r, angle of refractions,c, the velocity of light,R and T
re the Fresnel coefficients for reflection and transmis
espectively.

The axial force is found by adding the axial compone
f the gradient and scattering forces and scales linearly

he beam power

axial
s = Fs cosφ (3)

axial
g = −Fg sinφ (4)

axial = Faxial
s + Faxial

g (5)
y the power ratio (R = P2/P1) of the beam powers (Fig. 3A
nd B), the equilibrium position is located at the midp
etween the two beam foci at power ratio of 1, moving
ards the focus of beam 2 asR is reduced. COTM syste
tilizes power ratios that keep the equilibrium position

ween the secondary peaks so that an optimized reso
an be obtained (Flynn, 2004).

The sphere acts as both a scattered reflecting light a
ous angles, and a lens focusing transmitted light. Dete
ower is normalized to the value obtained without the sph
ince in this case the output aperture still clips some o
eam, the normalized power of one represents less tha

ull input power. The detected power curve consists of a
le peak surrounded by two valleys roughly correspon

o the two peaks in axial force (Fig. 2B). When the sphere
t the focus, the rays strike normal to the surface, low re

ivity and little change in ray orientation makes the dete
ower close to one. Moving past the focus, the bead foc
ore light through the aperture and the normalized dete
ower exceeds one. Right after the peak position, incre
cattering dominates over the focusing effect and the det
ower drops to a minimum. At large distances from the fo

he detected power increases monotonically and asym
ally approaches one because more beam power miss
phere and is fully collected (Fig. 3C).

An almost linear relationship between detected powe
he ratio of powers of two laser beams (Fig. 3D) is obtained
y combining the detected power versus position relation
Fig. 3C) with the equilibrium position versus power ratio
ationship (Fig. 3B). The variation of slope and level with t
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Fig. 3. Ray-optics simulations. (A) Axial position vs. axial force. The shift of the axial position of the stable equilibrium with changing of power ratio P2/P1

is illustrated clearly in the plot. (B) Equilibrium position of the microsphere as power ratio is reduced. (C) Normalized detected power vs. axial position. (D)
Normalized detected power vs. power ratio of two laser beams.

refractive index and size of the particle forms the operation
basis for the COTM system.

Simulations on the detected power versus axial position
curves (Fig. 4A) reveals virtually unchanged positions of
peaks and valleys and a non-linear scaling of the detected

power as the refractive index changes. The dependence of
scattered light power on the power ratio between two laser
beams is shown inFig. 4C. The large differences between
curves for indices close to that of water (n = 1.33) suggests
high resolution in detection of biological particles whose

F r vs. a a
n nd (D) s
ig. 4. Ray-optics simulations. Variation of normalized detected powe
ormalized detected power vs. power ratio with (C) refractive index a
xial position with (A) refractive index and (B) size of microspheres. Vriation of
ize of microspheres.
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indices are close to that of water. Refractive index differences
on the order of 0.01 should be easily detectable, especially in
the neighborhood of 1.37–1.48 indices.

Changes in particle size stretch the detected power ver-
sus position curve linearly along the axial direction without
changing the height of the peaks and valleys (Fig. 4B). The
level and slope of detected power versus power ratio varies
nearly linearly with size (Fig. 4D). Considering a typical A/D
converter with a resolution of 0.0001, size difference smaller
than 1�m (which corresponds to a difference in normalized
detected power smaller than 0.02) should be measurable in
the system.

2.2. Experimental

As an important parameter in designing system, beam fo-
cus separation is determined based on the trade off between
resolution and maximum measurable size. The locations of
secondary axial force peaks of the two beams get closer as
the particle size increases (Flynn, 2004), therefore the closer
the beam foci locate, the smaller the upper limit for trappable
size is. On the other hand, a smaller beam focus separation
puts the equilibrium position closer to the secondary axial
force peak, where the detection resolution is higher (Fig. 4A
and B). Buoyancy forces due to different density of measured
particles also affect the decision on the beam focus separa-
t of
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Fig. 5. Schematic of COTM system. Inset at bottom gives details of the beam
shaping optics. BS, beam splitter; M, mirror; MO, microscope objective; AP,
anamorphic prism; CL, cylindrical lens.

of a white light source (Fiber-Lite, Model 3100, Dolan-
Jenner Industries Inc., Lawrence, MA), a microscope objec-
tive MO3 (Plan-Fluor, 10×, NA = 0.30, WD = 0.16, Nikon,
Japan), and a CCD camera (Model number TM-200NIR, Pul-
nix, Sunnyvale, CA). By viewing the particle trajectory along
the optical axis, axial force curves of both beams can be
measured and their axial spacing indicates the beam focus
separation.

For refractive index measurements, microspheres of sil-
ica (Cat. number SS05N, Bangs Laboratories Inc., Fishers,
IN), borosilicate glass (Cat. number 9005, Duke Scientific
Corp., Palo Alto, CA) and polystyrene (Cat. number 4205A,
Duke Scientific Corp.), all with 5�m nominal diameter are
used. The refractive index of each material at 589 nm wave-
length is 1.37 for silica, 1.56 for borosilicate glass and 1.59
for polystyrene. For size measurements, polystyrene particles
of diameter 5–10�m with 1�m increments (Cat. number
4205A-4210A, Duke Scientific Corp.) are used.

Microspheres to be measured are suspended in the solution
(D.I. water) at appropriate concentration and injected into the
cuvette. A microsphere is then found and trapped by mov-
ing the cuvette with a 3D stage (Model number 460P-XYZ,
Newport Corp.).

Measurement consists of reading the forward scattered
light for a series of power ratiosP2/P1. By rotating the crossed
polarizers, power ratio can be adjusted from 2% to 100%.
D Lab-
v

3

ent.
C type
ion (Flynn, 2004). In this work, beam focus separation
64�m is chosen for the size setup to accommodate sp

hat are 10�m or larger for size measurement, while for
efractive index setup, a beam focus separation of 131�m is
sed to obtain enough transverse force to overcome the
egative buoyancy possessed by high density particles
orosilicate glass and silica (near 2.00 g/cm3 and 2.50 g/cm3,
espectively).

A practical implementation of the COTM system includ
1) two weakly focused counter-propagating beams with
ustable relative power, (2) detection of the scattered
rom one of the beams, and (3) a side-imaging system.

As shown inFig. 5, the laser beam from a diode la
λ = 850 nm, SDL Inc., San Jose, CA) is reshaped with b
haping optics (Flynn, 2004) to form a Gaussian beam, whi

s then split by a beamsplitter and focused through two
roscope objectives MO1 and MO2 (DIN 20×, NA = 0.4, Ed-
und Optics Inc., Barrington, NJ) from opposite directio
he relative beam power is controlled by a pair of crossed

arizers (Part number 03 FPI 001,λ = 780–1250 nm, Melle
riot, Calsbad, CA) in the path of beam 2. The optical

s formed in a square capillary tube (Part number 8100–
= 50 mm, VitroCom Inc., Mountain Lakes, NJ) with 1 m
nner diameter and 200�m sidewall thickness, which hol
he solution of particles to be analyzed. MO2 focuses b
, and collects the forward scattered light from bea
light gray path inFig. 5). The scattered light is then d
ected to a photodetector (Model number 1830-C, New
orp., Irvine, CA) by a pellicle beamsplitter (Part num
3BPL001, Melles Griot). The side-imaging part cons
ata from the photodetector is recorded by a PC using
iew (National Instruments Inc.).

. Results

Fig. 6 shows the results of index and size measurem
urves are based on five samples of each microsphere
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Fig. 6. Experimental results for (A) refractive index and (B) size measurement.

normalized by power reading without microsphere. Each
curve is a second order polynomial fit to the mean value
of the five readings with error bars representing standard de-
viations at corresponding power ratios. FromFig. 6A, the
average standard deviation of the normalized detected power
in refractive index calibration measurement is 0.49%. While
in Fig. 6B, the average standard deviation of the normalized
detected power is 2% for size calibration measurement.

These measurements reflect the ability of the COTM sys-
tem to differentiate particles based on their refractive index
and size, and form the basis of estimating the index and size of
a trapped particle. The resolution between the curves is suf-
ficient to predict refractive index differentiation better than
�n = 0.03 and size differentiation better than 1�m. The ul-
timate accuracy depends on the noise in the signal and the
stability of the system.

The index and size estimation is based on the observation
that the detected power versus power ratio dependencies ex-
hibits continuous change. The refractive index,n, or size,d
(diameter), at any given power ratio,R, and detected power,
P, can be described by

n(P, R) = f1(P, R) (6)

d(P, R) = f2(P, R) (7)

D ize
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a of

the calibration process, a full set of weighting coefficients,
ai

1(Ri), bi
1(Ri), ci

1(Ri) is applied to the second order polyno-
mial describing refractive index (Eq.(8)). When an unknown
microsphere is measured, an estimate of the refractive index

n(Pi, Ri) = ai
1(Ri)P

2 + bi
1(Ri)P + ci

1(Ri) (10)

is obtained for each pair ofPi, Ri values by applying the
second order polynomial model. The final refractive index
estimate

nest =
I∑
i

n(Pi, Ri)

I
(11)

is the mean value of the index estimates from eachPi, Ri

value (I is the total number of data sets), which represents
a best fit between the calibration data and the measurement
data of the unknown microsphere.

Fig. 7A displays the experimentally determined index val-
ues. Measurement is then taken for 10 microspheres in a ran-
dom order. A horizontal line represents the nominal refractive
index of each microsphere material, gray-scale-coded with
circles representing the index estimates. Estimates for each
material cluster near the appropriate refractive index, with a
variation as expected from the error bars in detected power
versus power ratio measurements (Fig. 6A). Table 1shows the
nominal value along with the mean and standard deviation of
t deci-
m .013
w racy
o um-
b ould
r

used
t ue to
s ated.

T
R

M ne

N
M
S

ue to the continuous variation of power with index or s
f the particle, a second order polynomial can be used
pproximation to functionsf1 andf2,

(P, R) = a1(R)P2 + b1(R)P + c1(R) (8)

(P, R) = a2(R)P2 + b2(R)P + c2(R) (9)

herea1, b1, c1 and a2, b2, c2 are weighting coefficien
iffering with power ratioR.

Use index estimation as example for illustration, to c
rate, one measurement is performed on each known m
phere type: silica, borosilicate glass, and polystyrene
rospheres. This generates three calibration datasetsP1(n1,
), P2(n2, R) andP3(n3, R). For each power ratio,Ri, a sec
nd order polynomial fit is performed with inputsn1, P1(Ri);
2, P2(Ri); n3, P3(Ri), and a set of weighting coefficien
i
1(Ri), bi

1(Ri), ci
1(Ri) is extracted. Upon the completion
he estimates. The results are accurate within the second
al of the nominal value. The error of estimate is 0.006–0
ith a standard deviation from 0.005 to 0.012. The accu
f index estimation can be improved by using a larger n
er of materials for calibration, since more data points w
educe the error in the second order polynomial fit.

For size estimation, an image-processing technique is
o setup the standard of comparison so that errors d
ize variations in the microsphere populations are mitig

able 1
efractive index estimate data

aterial Silica Borosilicate Glass Polystyre

ominaln 1.37 1.56 1.59
ean estimaten 1.363 1.573 1.584
tandard deviation 0.0124 0.0051 0.0053
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Fig. 7. Results of estimation experiments. (A) Calibrated refractive index estimate. Four silica, 3 borosilicate glass and 3 polystyrene particlesare measured.
Horizontal lines show the nominal refractive index of each material. (B) Calibrated size estimate. Size estimates are within less than 500 nm of the image
processing estimates.

Size measurement is made with Metamorph (Universal Imag-
ing Inc.) from still images of microspheres taken with the
side-imaging system. According to the magnification of the
size-imaging path, a pixel on the CCD corresponds to about
0.6�m; therefore, a one-pixel error is 6–12% of microsphere
size, depending on the diameter.

As shown inFig. 7B, the COTM results cluster close to
the image processing measurements for all sizes. Defining
errord as the absolute value of the difference between the
size estimated1, and image processing size measurementd2,
divided by their average, for each data point

errord = 2

∣∣∣∣d1 − d2

d1 + d2

∣∣∣∣ (12)

The average error over all 11 microspheres is 3.3%, with
a standard deviation of 2.3%, which is within a single pixel
error of the image processing size measurement, 6–12%. The
accuracy and deviation of estimation can be improved by in-
creasing the ratio between the number of measured samples
and the number of particle types, which is relatively small for
the case inFig. 7B (11 over 5). Also, the image processing
sizes are not error free because the threshold levels used for
particle-background isolation have to be determined subjec-
tively by the operator.
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Accordingly, refractive index changes as small as±0.00025
and size changes as small as±10 nm could be detected if the
detected power stability is within±0.0276% (Flynn, 2004).
Such sensitivities are comparable to that of a refractome-
ter (Misco, 2004) for refractive index measurement and im-
age processing techniques for size measurement. Even better,
COTM holds the unique advantage over conventional tech-
nologies with its capability of marker-free single microparti-
cle characterization in whatever transparent buffer is required
by a living cell, eliminating the necessity of changing the
fluid composition of the sample and monitoring particles via
a microscope in refractometry, and of tagging a target with
toxic fluorescence dyes in flow cytometry. All these features
make our system extremely attractive for biomedical analysis.
Since the COTM system measures index and size of particles
in its original buffer media, and without a biomarker, it is
more friendly to living cell analysis when compared to tradi-
tional technologies such as refractometry and flow cytometry.
To be more specific, when measuring the index of a cell with
the COTM system, one can keep the cell in its original buffer
medium instead of having to add sucrose to the solution to
make its refractive index match that of the cell (which is the
case in refractometry and will most probably kill or alter the
functioning of the subject cell). Also, when a particular drug
is tested on a cell, the refractive index or size change induced
by the drug effect will be indicated by a change in the detected
f ’s ef-
f ing
a ged
d e or
i

ults
( ly
s typ-
i t
a cells
h rug
r ctive
i ells
a s for
f

. Discussion

The potential accuracy of the COTM system is limited
he noise of a direct laser to detector link. When the d
aser is pointed directly at the photodetector, the variatio
etected power has a normalized standard deviation of
.0138% over 1 day. If the rest of the system adds no a

ional noise or variation over time, an overall uncertaint
.0138% standard deviation is possible, which correspon
n error of±0.0276% for a 95% confidence interval. From
imulation results on detected power versus power rati
arious refractive indices and sizes, at index close to a bio
al cell, i.e.n = 1.37, a 1% detected power change corresp
o �n = 0.0092. For size measurement in the 5–10�m range

1% detected power change corresponds to�d = 0.36�m.
orward scattered power. To accurately measure a drug
ect, it is absolutely necessary to maintain of cell’s liv
mbient and its biological function, which would be chan
ramatically by adding biomarkers like fluorescence dy

ndex matching compositions such as sucrose.
According to our simulation and experimental res

Figs.4A and C and6A), the COTM system is particular
ensitive to refractive index changes in the index range
cal for biological cells. Researchers at Genoptix (Wang e
l., 2003) have shown that cancerous and non-cancerous
ave different refractive indices, and even the level of d
esponse of a cell can be distinguished through refra
ndex. Clearly, measurements to differentiate biological c
nd characterize drug response offer promising direction

uture research using the COTM system.
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5. Conclusions

The novel idea of using forward scattered light to mea-
sure the refractive index and size of the particle trapped in
the COTM system has been suggested and proved both the-
oretically and experimentally. The accuracy of applying the
ray-optics model to the analysis of our system was justified
by comparison with the rigorous GLMT model.

The sensitivity of our system is 0.006–0.013 with
0.005–0.012 standard deviation for refractive index measure-
ments and 3.3% of diameter with 2.3% standard deviation
for size measurements. Noise analysis of the system pre-
dicts a potential improvement of refractive index estima-
tion accuracy to within�n =±0.00025 for biological cells
and size estimation accuracy to within�d =±10 nm. These
accuracies compare favorably with current bulk techniques
of index measurement with the further advantage of op-
erating on a single microparticle in a variety of transpar-
ent fluids, which is an essential feature demand by live-cell
analysis.

The COTM system is compatible with microfluidic sys-
tems where cells get analyzed, sorted and collected on one
single chip. This kind of optical measurement allows prob-
ing of cells with no markers, so cells can be diagnosed
without being altered. We believe that miniaturized ver-
sion of the COTM system could offer a valuable tool for
l eam
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t ing
t EL
a igh
t
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